An argument first proposed by John von Neumann shows that measurement of a superposed quantum system creates an entangled "measurement state" (MS) in which macroscopically distinct detector states appear to be superposed, a paradoxical prediction implying the measurement has no definite outcome. We argue that this prediction is based on a misunderstanding of what the MS represents. We show, by studying the phase dependence of entangled photon states generated in parametric down conversion, that the MS represents not a superposition of detector states, but rather a superposition of coherent (i.e. phasedependent) correlations between detector states and system states. In fact an argument by Einstein shows that a nonlocal entangled state is required, at least briefly, following a quantum system's interaction with a detector. Such a state does not represent a paradoxical macroscopic superposition. This resolves the paradox of indefinite outcomes of measurements.
Introduction
Physicists agree that, for non-relativistic systems, Schrodinger's equation describes the evolution of quantum states between measurements. But there is no agreement on whether or how this or any other evolution describes measurements. Since detectors are made of atoms that obey quantum physics, it is reasonable to expect that the same rules apply to measurements.
But a problem arises when one applies quantum physics to measurements. The problem was first analyzed by von Neumann [1] and we follow his argument here. A detector selects one specific state out of a set of superposed measurement eigenstates of the detected system. When a detector measures a system that is initially in one of these eigenstates, it must indicate the system to be in that state. The linearity of quantum physics then implies that, when a detector measures a system that is initially in a superposition of eigenstates, the result is a superposition whose individual terms each contain a different macroscopic state of the detector. The detector thus seems to be in a macroscopic superposition of detector states! This paradox is dramatized in Schrodinger's description of a radioactive nucleus whose state is measured by a cat whose life or death detects, with the help of a Geiger counter or other device, a non-decayed or decayed state of the nucleus [2] . According to the preceding argument, quantum theory, rather than predicting a definite outcome for the measurement, leads to a superposition of states involving both an alive and dead cat--an absurd "indefinite outcome" that is never observed. This paper clarifies the meaning of the MS's superposition, resolving the paradox [3] . The paper is organized as follows. Section 2 poses the problem of indefinite outcomes mathematically, following von Neumann's argument to derive the entangled MS obtained when a macroscopic detector B measures a quantum system A that is in a superposition state.
Many have expressed surprise that an entangled state occurs as a consequence of measurement [4, Section 2.5] . But Section 3, which follows up on a comment by Einstein at the 1927 Solvay Conference, shows that a nonlocal entanglement between the detector B and the system A is just what one expects as the outcome of a measurement. Sections 4, 5 and 6 analyze the MS in a broader context. Section 4 reviews a wellknown Mach-Zehnder interferometer experiment. Section 5 presents the "RTO experiment," involving momentum-entangled photons, and its theoretical analysis.
The state of the entangled photons in this experiment has the same structure as the MS. Although the RTO experiment was centered on detecting violations of Bell's inequality, it explored the MS over its full range of phases, enabling us to appreciate precisely what this state does and doesn't superpose. Section 6 discusses what is superposed, i.e. what goes through phases and is thus (as Schrodinger put it) "smeared," when two quantum systems A and B entangle. Section 7 applies the RTO experiment's insights to the problem of indefinite outcomes and shows the MS does not represent a superposition of different detector states.
Section 8 summarizes the conclusions.
The problem of indefinite (superposed) outcomes
As first discussed by John von Neumann [1] and recounted in standard references [4, Section 2.5], a quantum measurement begins with a quantum system A (assumed here to be a two-state system) in a superposition such as |A> = |A1> + |A2> .
(1) √2
The basis states |Aj> (j=1,2) are assumed to be orthonormal and defined by some macroscopic measuring device B designed to detect these states. In order to make such a measurement, B must distinguish between the |Aj>, so it must have macroscopically distinct states |Bj> such that, if A is in an eigenstate |Aj>, then measurement by B yields the corresponding |Bj>. Assuming a minimally disturbing measurement that leaves eigenstates unaltered,
where |B ready> represents the state of B prior to measurement and the arrow represents the measurement process. When B measures the superposed state (1), simple linearity of the time evolution implies the superposition (1) evolves into a superposition of the product states (2):
Summarizing: A straightforward argument shows that measurement creates an entangled state that we shall call the "measurement state" (MS).
The problem of indefinite outcomes is as follows: It is commonly assumed that, in analogy with the state (1), the MS describes a state in which |A1> and |B1> exist and also |A2> and |B2> exist, i.e. all four single-system states exist simultaneously [2, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Such a superposition, describing a detector pointing to both outcomes, would indeed be paradoxical. Schrodinger [2] described it as a "living and dead cat ...smeared out in equal parts." However, we will show that, according to quantum theory and experiments, the MS must be interpreted as follows:
where "AND" represents the superposition, "coherently" means phase-dependently, and "|Aj> & |Bj> are 100% correlated" means we will find |Aj> if and only if we find |Bj>. This is not paradoxical. It's exactly what we want and it resolves the paradox of indefinite outcomes.
A clue from Einstein
Einstein, at the 1927 Fifth Solvay Conference, titled "Photons and Electrons," asked the audience to consider a thought experiment in which a stream of electrons passes through a tiny hole in an opaque screen and then impacts a large hemispherical photographic screen centered at the hole ( Figure 1 ). Each electron's wave function diffracts widely at the hole, spreading and reaching the entire screen simultaneously. Yet the electron impacts only at a single point x on the screen. How, he asked, do the other points y on the screen receive the information that they must remain "dark," i.e. not show an impact? After all, the same wave function, or de Broglie wave, reaches them all. This "entirely peculiar mechanism of action at a distance, which prevents the wave continuously distributed in space from producing an action in two places on the screen" (as Einstein puts it in his written note) presented, he thought, a fundamental problem for quantum physics. It appears to imply instant signaling across the entire screen, which would violate special relativity [15] [16] [17] .
Today, we know that quantum measurements typically create entangled states (Section 2) and we know that all entangled quantum states have nonlocal characteristics [18, 19] . Analysts have long puzzled over how the entangled MS can be reconciled with what we observe in measurements [4] . But viewed from today's perspective, Einstein's remark shows that, if quantum physics is correct, then nonlocality is essential to the measurement process. Indeed, Fuwa et al. [20] have recently experimentally verified the nonlocal character of quantum measurement.
Thus, Einstein's comment was the first indication that, far from the MS being an unwelcome paradox suggesting the failure of quantum physics, nonlocal entanglement is required in measurements. The remainder of this paper will demonstrate that the previously-held notion, namely that the MS represents a paradoxical superposition of the detector, is incorrect. 
An interferometer experiment demonstrating simple superposition
Sections 4, 5 and 6 study the MS in a broader context. The MS is obviously a superposition of |A1>|B1> and |A2>|B2>, but what does this mean physically? In a double-slit experiment, for example, superposition implies the existence of a variable phase angle between the superposed terms. What effect do phase variations have upon the MS? Such questions are seldom asked; quantum measurement analysts often simply assume that the MS describes a macroscopic superposition of the two detector states, which would be paradoxical.
To establish a framework for asking such questions, let's review the well-known interference experiment in the Mach-Zehnder interferometer configuration shown in Figure 2 . At the lower left, a photon enters a 50-50 beam splitter BS1. It is commonly stated that a beam splitter transforms the photon's state into a 50-50 superposition such as (1), where the branches |A1> and |A2> represent, respectively, paths 1 and 2 in the figure. But how do we know that the photon really is on both paths? We know this by using mirrors, phase shifters, and beam splitters to experimentally explore the photon's behavior. Mirrors M bring the two branches together. Phase shifters f1 and f2 alter the path lengths and, therefore, the phase 6 change along each path by angles f1 and f2 . A second beam splitter BS2 mixes the branches together. Photon detectors B1 and B2 observe the outcomes. In every trial, an outcome occurs at either B1 or B2, never both. These outcomes are random but with predictable statistics at any fixed phase settings f1 and f2. When we vary these settings, we find the interference varies with either phase: Gradually changing f1 through 180 degrees causes the photon's detected state to shift from 100% probability at B1, through diminishing probabilities at B1 and increasing probabilities at B2, until reaching 100% probability at B2 after the phase has shifted by 180 degrees. Upon varying f2 alone, we find the photon exhibits the same behavior. Since either phase shifter can affect the photon's state, we conclude that each photon follows both paths and "interferes only with itself" [21, 22] . The experimental results reveal that the outcomes depend only on the phase difference f2-f1 between the two paths, as shown in Figure 3 . This is how we know each photon is in a coherent (i.e. phase-dependent) superposition of being on both paths. Figure 3 . Interference in the Mach-Zehnder interferometer experiment.
An entangled superposition: the Rarity-Tapster-Ou experiment
Section 4 demonstrates that to properly understand a superposition, one must understand its phase dependence. Such analysis is seldom undertaken in connection with quantum measurements. On the other hand, understanding the phasedependence of entangled photon states is central to the experiments testing Bell's inequality [23] , beginning with those of Clauser [24] and Aspect [25] . In these experiments, both subsystems are microscopic, allowing variations in the phase of the entangled superposition. By studying a particular experiment of this sort we will show that the phase of the MS does not control the state of either subsystem, i.e. subsystem states remain fixed as the phase varies. The phase controls only the degree of correlation between subsystem states. This sheds new light on entanglement and, we believe, resolves the problem of indefinite outcomes.
In 1990, two independent groups (Rarity and Tapster, and Ou, Zou, Wang and Mandel [26] [27] [28] ) reported nearly simultaneously on similar interferometer experiments using momentum-entangled pairs of photons A and B to study the state |Y> = |A1>|B1> + |A2>|B2> .
These "RTO experiments," as we will call them, were tests of Bell inequalities, similar to other tests [24, 25] but based on momentum-entangled photon pairs rather than, as in the previous experiments, polarization-entangled pairs. These experiments had nothing specifically to do with quantum measurements. However, |Y> is formally identical to the MS (3) even though its subsystems A and B are now photons rather than an arbitrary microscopic system and its detector. Because the RTO experiment is fully equipped with mirrors, phase shifters, and beam splitters, an analysis of the phase dependence of its entangled state (5) sheds new light on the MS. We will describe the experiment and its quantum-theoretical analysis. Figure 4 shows the layout. 2 The source creates entangled photon pairs A, B by laser down-conversion in a non-linear crystal. The pure state |Y> is prepared by selecting 2 In Figure 4 , the paired photons are oppositely-directed. This arrangement would result if the entanglement were prepared by the cascade decay of an atom as in [29] . However, the A and B sides of Figure 4 represent, in RTO's down-conversion experiment, different angular cones into which the down-converted photon pairs are emitted, so RTO's actual experimental layout is different from Figure 4 . The simpler geometry of Figure 4 is used here for clarity of presentation and has no effect on this paper's arguments or conclusions.
four single-photon beams, each a plane wave having a distinct wave vector, from the output of the down-conversion crystal. The layout of Figure 4 resembles two backto-back Mach-Zehnder interferometer experiments ( Figure 2 ) with BS1 located effectively inside the source; one superposed photon A moves leftward and the other photon B moves rightward. The figure represents each photon by a pair of wave packets with shading corresponding to their entangled nature. The composite system AB should be regarded as a single "biphoton" moving outward from the source, superposed along the solid path (which we assume is the first term in (5)) and the dashed path (the second term in (5)). As AB moves outward along the solid path, photon A encounters a mirror M, then a beam splitter BS where it transmits and reflects to detectors A1 and A2 respectively; photon B encounters a mirror M, a phase shifter fB, and a beam splitter BS where it transmits/reflects to detectors B1/B2. The other half of the superposition, namely the dashed path, has a similar description. The experiment records outcomes at the four single-photon detectors Ai and Bi (i=1,2), and at the four biphoton coincidences (Ai, Bj) (i=1,2 and j=1,2). To predict RTO's results, a standard optical-path analysis was carried out by Horne, Shimony, and Zeilinger [30, 31] . They begin by calculating the four two-point nonlocal quantum field amplitudes Y(Ai, Bj) (i, j = 1, 2) at the four biphoton coincidences. For example, the probability amplitude for the outcome (A1, B2) has two contributions. One arises from phase shifts in the beam following the solid path (the first term in (5)), while the other arises from the dashed path (the second term in (5)). Assuming plane waves exp(ik•x) for each of the four single-photon beams, and taking phase shifts, mirrors and beam splitters into account, Horne et al. obtain the following nonlocal amplitude for the biphoton coincidence pair (A1, B2):
Y(A1,B2) = {exp(ifw)exp[i(fx+fB)] + exp[i(fy +fA)] exp(ifz)}/2√2. (6)
Here, fw, fx, fy, fz are fixed phase-shifts accounting for mirrors and beam splitters, and the additional factor of 1/2 comes from the superpositions that occur at the two beam splitters. Equation (6) then yields the coincidence probability P(A1, B2) = |Y(A1,B2)| 2 = [1+cos(fB-fA + fv)]/4 (7) where fv is a fixed phase factor arising from the fixed phases fw, fx, fy, fz. Similarly, P(A1, B1) = [1+cos(fB-fA + fu)]/4, (8) where + fu is another fixed phase factor. There are also similar expressions for P(A2, B1) and P(A2, B2). The sinusoidal terms predict nonlocal interference between A and B, regardless of the distance between them! A single-photon prediction such as P(A1) then follows from the straightforward probability relation P(A1) = P(A1, B1) + P(A1, B2).
Using (7) and (8) 
Thus the sinusoidal terms in (10) interfere destructively, and we are left with P(A1) = 1/2 regardless of phase. This important result arises from the destructive interference of two coherent (phase-dependent) non-local contributions from the other photon! The result at all four single-photon detectors is the same:
The phase independence of single-photon detection probabilities means no singlephoton interference fringes are associated with this entangled state [30] . Nature has good reason for this: Any such phase dependence could be used to establish an instantaneous communication channel between A and B, violating special relativity. Thus entanglement must deprive the individual photons of their phase.
Equation (12) can also be derived using density operators [4, Section 2.5.4]. One forms the density operator corresponding to the pure state (5) and traces this over one subsystem to obtain the density operator for the other subsystem. This yields two density operators that, mathematically, appear to be mixtures but are often called "improper mixtures" because neither subsystem is really in a mixture; the entire biphoton, and hence both subsystems A and B, are in are in fact in the pure state (5) .
We have chosen to avoid these subtleties by following the straightforward optical path analysis outlined above.
Following Horne et al. we adopt a few definitions: If we find one photon in state 1 and the other in state 2, the two outcomes are said to be "different." Otherwise, the outcomes are the "same." Then from (7), (8) , and similar expressions for P(A2, B1) and P(A2, B2), we find the probabilities P(same) = P(A1,B1) + P(A2,B2) = 1/2[1 + cos(fB -fA)] 
Their difference is defined as a new quantity C:
where we have used (13) and (14) . Figure 5 graphs C as a function of the nonlocal phase angle fB-fA. Section 6 explores the physical significance of this quantity. The central purpose of the RTO experiments was to demonstrate violations of Bell's inequality by comparing the quantum predictions, Figure 5 , with experimental measurements. The experimental results agree with Figure 5 , and violate Bell's inequality by as much as 10 standard deviations, confirming the nonlocal nature of the entangled state (5).
What do entangled states superpose?
Let's explore the physical significance of Figure 5 . At zero phase difference, where the phase shifters are set to equal phases, P(same) = 1 and C = P(same) -P(different) = 1. For this setting, the outcomes at both stations always agree despite the presence of beam splitters that mix each photon prior to detection (see Figure 4 )! It's as though coins were flipped at each station and they always came out both heads or both tails.
In the case of the MS (3), the zero phase setting is in fact the measurement situation, where observation of B reveals the outcome at A. This brings to mind Einstein's action-at-a-distance (perfect instantaneous correlations between x and y) required to ensure consistent results at separated points.
Now consider phase differences that deviate from zero. For small phase differences, there is a small non-zero probability P(different) that the results at the two stations will differ. That means that in the RTO experiment the two photons are no longer perfectly correlated, and observation of B no longer provides complete information about A. P(different) increases as the phase difference increases until, at π/2, P(same) = P(different) = 0.5 and C=0, i.e. the observation at B provides no information at all about A's outcome. The two detector pairs are now entirely uncorrelated. As the phase increases from π/2 to π, P(different) increases from 0 to 1, making C more and more negative. Finally, C = -1 at a phase difference of π, implying perfect anti-correlation. Thus the quantity C can be described as the "degree of correlation" between photons A and B.
Summarizing: the phase of the entangled state |Y> controls the degree of correlation between fixed (phase-independent) states of subsystem A and subsystem B. This is qualitatively different from the simple superposition (1) where the phase controls the state of A.
To elaborate this crucial point, Table 1 compares single-photon superposition (Figures 2 and 3 ) with entangled superposition (Figures 4 and 5) , at five phase differences. Column 2 shows the state of the single photon to be a superposition of two paths, implying interference between the two states as the length of either path varies. In contrast, column 4 shows no evidence that the measured state of either photon can be considered a superposition of two paths. That is, neither photon interferes with itself. Both photons are in incoherent (phase-independent) 50-50 states, just as though they were in 50-50 mixtures of being on two paths. Entanglement decoheres [4] both photons, depriving them of their coherence. But the coherence of the system has not vanished, it has only been transferred. As seen from column 5, the phase dependence now resides in the degree of correlation between states of A and B. Thus, the degree of correlation between single incoherent photons is all that varies as the biphoton's phase varies from 0 to π. Table 1 . Comparison of a simple superposition (Fig. 2) with an entangled superposition (Fig. 4) . In Fig. 2 , the single photon's state varies with phase. In Fig. 4 Summarizing: A simple superposition is a coherent (phase dependent) superposition of states of a single system: the state of the system varies with phase--the photon's state is, as Schrodinger put it, "smeared". An entangled superposition is a coherent superposition of correlations between incoherent states of two subsystems. Neither subsystem is smeared; instead, the degree of correlation between subsystems is smeared. For example, at zero phase difference (the measurement situation), |A1> is perfectly and coherently correlated with |B1> AND |A2> is perfectly and coherently correlated with |B2>, where "AND" indicates the superposition.
Resolution of the problem of indefinite outcomes
We now return to the measurement problem to show, based on insights from the RTO experiments, that the MS is not a superposition involving different macroscopic detector states. Consider the measurement set-up shown in Figure 6 . A single photon A enters a beam splitter BS and transforms into a superposition having branches |A1> and |A2> corresponding to separate paths toward photon detectors B1 and B2. von Neumann's argument (Section 2) implies that, as the paths approach the detectors, at some point (presumably when one of the branches overlaps the detector) the superposition transforms into the entangled MS (3). Each photon detector contains a photo-sensitive plate that releases an electron upon absorbing a photon. Thus the MS (3) is a microscopic entanglement between two branches |A1> and |A2> of the photon and the states |B1> and |B2> of two photoelectrons. This reversible microscopic pure state exists only briefly. Our study of the RTO experiments shows that the entanglement does not imply that the states |A1>, |B1>, |A2>, |B2> all exist. It implies instead that |A1> and |B1> are coherently (phase-dependently) and perfectly (100%) correlated, AND |A2> and |B2> are coherently and perfectly correlated. This is not paradoxical. It's also worth noting that, analogously to the simple superposition of states (|A1>+|A2>)/√2, the "plus" sign in the MS indicates a coherent superposition--a superposition of two coherent (phase dependent) objects. In the case of the MS, however, these coherent objects are correlations between subsystem states rather than states of either individual subsystem.
Einstein's critique (Section 3) is relevant here: If the photon is detected at (for example) B2, detector B1 must instantly show no detection no matter how far it is from B2. The mechanism to achieve this without violating special relativity clearly lies in the MS's nonlocal correlations. Without nonlocal entanglement, quantum measurements would be impossible.
The MS is a reversible pure state and persists only briefly. During this brief period of entanglement, the photon's single excitation is transferred to one electron. The single excitation is then amplified irreversibly to the macroscopic level where it makes a permanent mark. Amplification involves myriad microscopic processes, each of them obeying quantum physics and hence reversible in principle, but the macroscopic mark is, for all practical purposes, irreversible. This resolves the problem of indefinite outcomes.
Conclusions
Contrary to previous opinion [2, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , quantum theory does not predict that measurements result in superposed (and hence paradoxical) macroscopic outcomes. The theoretical analysis of Horne et al. [30, 31] implies the entangled measurement state (3) at zero phase (the perfectly-correlated measurement situation) is not paradoxical. It entails merely that two coherent correlations are simultaneously true: |A1> is perfectly (in 100% of trials) and coherently (phase-dependently) correlated with |B1>, AND |A2> is perfectly coherently correlated with |B2>, where the word "AND" indicates the superposition. This is not paradoxical, and resolves the problem of indefinite outcomes.
